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For the past 30 years evolutionary biologists have used a fictional tale about engineer and businessman Henry Ford to
help illustrate the undesirability of over-design. Thus, on discovering that kingpins were rarely damaged in scrapped
Model T automobiles, Henry Ford is alleged to have concluded that the kingpins were unnecessarily durable and asked
that they be built to a cheaper specification. The general lesson that has been drawn from this tale is that natural selection
will act to equalize the mortality risks accruing from damage to each part of the organism’s body. Yet it is well known, at
least as far as humans are concerned, that death is more likely to be attributed to a failure of some organs compared to
others. To understand why this might be so, we use some graphical and mathematical models to show that even if all
body organs were equally important to survivorship, then the optimal investment solution that maximizes whole-
organism longevity will typically not be the solution that equalizes the fail-times of the individual organs. As with natural
organisms, the key to any optimal investment policy in multi-component systems is understanding what ‘bang you can
get for your buck’. Moreover, we use a specific model to show that, even following selection to ameliorate the effects of
damage, those body parts that receive more damage are still more likely to be the ultimate cause of death � that is, there is
‘under-compensation’. Therefore, the decision to make the kingpins more cheaply should not have been based only on
the fact they rarely cause car failure compared to other car components. Such arguments wrongly assume that if one car
part (or body part) is less durable than the others, then it will always be the reason for any future breakdown (or death).

On 27 September 1908, the first Model T Ford was
wheeled off the production line in Detroit, Michigan. It
was a car built and priced to be accessible to the masses,
and ‘‘helped put America on wheels’’. Since this auspicious
event, the Model T has attracted numerous myths and
one-liners (Henry Ford: ‘‘Any customer can have a car
painted any color that he wants so long as it is black’’,
Ford and Crowther 1922). Indeed, for the past few
decades evolutionary biologists have repeatedly invoked a
story centering on the business acumen of Henry Ford to
help explain why organisms should not be ‘over-designed’.
As far as we can tell Nicholas Humphrey (1983) made
up the story, although a similar argument appeared in
Maynard Smith’s (1962) seminal review on the causes of
senescence, so it may have an even longer folk history.
Humphrey introduced the story as follows:

‘‘Henry Ford, it is said, commissioned a survey of the car
scrap-yards of America to find out if there were parts of the
Model T Ford which never failed. His inspectors came back
with reports of almost every kind of failure: axles, brakes,
pistons � all were liable to go wrong. But they drew attention
to one notable exception, the kingpins of the scrapped cars
invariably had years of life left in them. With ruthless logic
Ford concluded that the kingpins on the Model T were too
good for their job and ordered that in future they should be
made to an inferior specification’’.

The story seems to make excellent economic sense. Why
spend good money on something that will rarely if ever fail?
Surely under these conditions the quality of the kingpins
could be reduced, without drastically affecting the longevity
of the car. Since its introduction by Humphrey, the story
has been used by some of the best science writers in the
world including Richard Dawkins (1995), John Barrow
(1995), and Jared Diamond (1997) to argue that natural
selection should, and does, act to ensure that organisms’
bodies have no weak links. Dawkins uses the example of
bones, suggesting that natural selection will act to ‘‘achieve
the ideal of making every bone equally likely to break’’.
However, he also noted an important caveat, namely, that
some bones are more important to survival than others,
implying that rather than equalizing breakage rates, selec-
tion will act to equalize the mortality risks accruing from
damage to each part of the organism’s skeleton.

Here we take the opportunity of the recent centenary of
the Model T to raise even more fundamental doubts over
the lessons that one can draw from the tale, and to offer a
more complete solution based on the principles of
‘‘quantitative evolutionary design’’ (Diamond 2002). First,
we show graphically that when resources can be diverted to
different body parts with constant failure rates, then the
allocation strategy that maximizes whole-organism long-
evity does not involve equalizing failure rates among
components but rather the instantaneous rate of change
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of failure rates of components per unit resource � a
‘‘marginal value’’ theorem (Charnov 1976, Perrin 1992).
The underlying reason for this is clear � if you can gain a
greater increase in overall organism longevity (and thereby
fitness, assuming unaltered fertility schedules) by allocating
a given resource to component A compared to B then you
should do so, even if component A is already less likely to
fail. So, natural selection can readily (indeed will almost
inevitably) generate organisms whose individual organs (or
bones) differ in the probability that they ultimately cause
death (also see Alexander 1997 for related arguments about
‘safety factors’).

Second, we provide some specific examples to build
upon the above graphical arguments, using reliability theory
from engineering (Barlow and Proschan 1965) and a pair of
simple simulation models to guide us. Third, we present
data which show that certain body parts � such as the heart
and lungs � in real organisms are far more likely to be
responsible for death than other body parts. Intriguingly,
these are parts of the body that, despite natural selection,
appear intrinsically more likely to get damaged than others,
and we use our above model to help explain why ‘under-
compensation’ might be particularly prevalent in these
bodily components.

Graphical arguments

In this section, we explore the case of simplified organisms
that are composed of two components (‘Component 1’ and
‘Component 2’) with instantaneous, age-independent,
constant failure rates of k1 and k2. This is one possible
manifestation of Alexander’s (1997) concept of a ‘mixed
chain’ system. If there are no other sources of mortality,
then the whole-organism instantaneous mortality rate is
simply k1�k2 (such that individuals die for one reason, or
the other). Consider the situation in which k1 and k2 are
decreasing functions of the amount of resources invested in
them. If an organism has a fixed amount of resources that it
can invest to its two components, it can allocate a certain
percentage to Component 1 and the balance to Component
2. How should an organism allocate its resources?

All else being equal, natural selection should optimize
the allocation between the two components by minimizing
the overall mortality rate of k1�k2. Since mortality rates in
this example are constant, then minimizing the overall
mortality rate will maximize the organism’s longevity. The
optimal allocation strategy will depend critically on how k1

and k2 change as functions of the percentage of the available
resources that each is allocated. In some scenarios the
optimal allocation strategy will also be the one that
equalizes the failure rates of the components; for example,
if the failure rates of the components are identical functions
of the level of investment in them (Fig. 1a). However, in
many other situations, the optimal allocation strategy leaves
one component weaker than the other (Fig. 1b�e). In this
particular situation, the optimal allocation strategy is
typically (linear relationships aside) the one that equalizes
the marginal failure rates rather than the absolute failure
rates (Fig. 1a, 1b, 1e) � in other words, organisms should
invest resources where they have the most to gain.

We do not know the specific forms of the relationships
between failure rates and investment in different body parts.
However, due to the myriad differences between the
different parts of the body, it is almost inevitable that the
failure rates of these parts will not be the same function of
the amount of resources invested in them. Therefore, the
optimal allocation strategy will naturally result in certain
body parts being more likely to break than others. The
corollary is clear: body parts that rarely breakdown (or
indeed never break down; e.g. Component 1 in Fig. 1c, 1d)
are not necessarily overbuilt.

Mathematical (reliability theory) arguments

We now develop a specific illustration of the above
arguments using reliability theory. Reliability theory ‘‘is a
body of ideas, mathematical models, and methods directed
toward the solution of problems in predicting, estimating,
or optimizing the probability of survival, mean life, or,
more generally, life distribution of components or systems’’
(Barlow and Proschan 1965). Recently, reliability theory
has been brought to bear upon the problem of biological
senescence, both in non-evolutionary (Gavrilov and Gavri-
lova 2001) and in evolutionary contexts (Laird and Sherratt
2009). In this section, we adopt the evolutionary reliability-
theoretic approach to help demonstrate how natural
selection will typically not result in bodily components
with equal expected durabilities, again contrary to the
Model T story.

In our example, we again assume for simplicity that
organisms die due to the failure of one of just two
components called Block 1 and Block 2 (Fig. 2). Each
block represents a critical life-support system for the
organism. For example, in the context of cancer biology,
the blocks might represent the tumor-suppression systems
associated with a different lethal form of cancer arising in
two different organs. When either block ceases to function,
the organism dies. Crucially, we assume that each of the
blocks comprise multiple redundant elements. These ele-
ments could be considered genes, or the products of genes,
but like all body parts, the individual elements are subject to
damage. Just as home-owners may invest in back-up
generators, redundancy is a common means to buffer
natural systems from damage (Nowak et al. 1997, Conant
and Wagner 2003) and analogous multi-stage checks and
balances are involved in tumor suppression (Armitage and
Doll 1954, Frank 2004a, 2004b, 2004c). Let the number
of elements in Block 1 and 2 be n1 and n2, respectively.
In each discrete time step, each element in Block 1 is
damaged with probability d1 and each element in Block 2
is damaged with probability d2. A block functions so long as
at least one of its elements remains undamaged. In addition
to block failure, organisms can also die for ‘extrinsic’
reasons, such as accidents, predation, and communicable
diseases. Extrinsic mortality occurs with a probability qext

per time step.
Under these conditions, and assuming that the two

intrinsic and one extrinsic mortality sources act indepen-
dently, the expected probability of survivorship to time t is
given by:
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lt�[1�(1�(1�d1)
t)n1 ][1�(1�(1�d2)

t)n2 ]

� [(1�qext)
t] (1)

where the first term in square brackets is the survivorship of
Block 1, the second term in square brackets is the
survivorship of Block 2, and the third term in square
brackets is the survivorship associated with avoiding
extrinsic mortality. Here the expected time to failure of
Block 1 (assuming that death does not come first for any
other reason) is a�

t�1[1�(1�(1�d1)
t)n1 ]; the expected

time to failure of Block 2 (again under the condition that
there is no other mortality source) is a�

t�1[1�(1�(1�
d2)

t)n2 ]; where the expected longevity of whole organisms is/
a�

t�1lt:
Consider the situation in which organisms must allocate

limited resources to the redundancy of their two blocks.
Specifically, let N�n1�n2 be the total number of elements

that an organism has at its disposal. In this case, the optimal
allocation of elements that maximizes whole-organism
longevity will typically not be the same as the allocation
that equalizes the fail-times of Blocks 1 and 2. Indeed, in
this reliability example, one must assume d1�d2 in order
for the optimal allocation to result in the equalization of the
expected longevities of the blocks. Considering that this
assumption will frequently be violated (since some parts of
the body are intrinsically more likely than others to
experience damage), it is likely that natural selection will
often result in body parts with different fail-times, rather
than equalized fail-times � at least insofar as longer-lived
individuals have greater fitness than shorter-lived indivi-
duals.

For example, in Fig. 3 (N�20, d1�0.2, d2�0.1,
qext�0.1), the allocation of elements that maximizes
whole-organism longevity (dotted black line) differs from
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Figure 1. Allocation strategies in a two-component system in which both components have constant instantaneous failure rates, and there
are no other sources of mortality. Panels show possible examples of the failure rates of Component 1 (k1; thick solid lines), Component 2
(k2; thin solid lines), and the overall mortality rate of the whole organism (k1�k2; dashed lines), as functions of the percentage of
available resources allocated to Component 1 (and assuming that the balance is allocated to Component 2). The failure rates are assumed
to be constant through time. The open circles on the x-axis represent the allocation strategy that equalizes k1 and k2; the closed circles
represent the optimal allocation strategy that minimizes k1�k2. (a) the optimal allocation that minimizes k1�k2 also equalizes k1 and k2

(b�e) the optimal allocation that minimizes k1�k2 does not equalize k1 and k2; rather organisms adopting the optimal strategy are more
likely to die from the failure of one component over the other.
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the allocation that equalizes block fail-time (short-dashed
black line). Specifically, although the optimal allocation of
elements favours the more damage-prone block (in this
case, Block 1; compare long-dashed and dotted black lines),
it does not do so to a degree that equalizes block fail-times
(compare dotted and short-dashed black lines). Rather,
optimally allocating organisms still have Block 1s with
much shorter expected fail-times than Block 2s, and are still
much more likely to die due to the failure of the more
damage-prone block. Yet, Block 2 is not ‘overbuilt’ in any
meaningful sense; it simply receives damage at a lower rate.
Note also that unlike the example of the graphical
arguments above, where the mortality rates were constant
through time (Fig. 1), in this slightly more complex
scenario the rates of change of the fail-times are not
equalized either (Fig. 3).

We further investigated the allocation problem using a
simple discrete-time simulation. The simulation started
with a population of 1000 individuals, each with a random
allocation of N�20 elements to two blocks. Each genera-
tion was composed of multiple time steps. As above, in each
time step, each element in each individual’s Block 1 was
damaged with a probability of d1, each element in each
individual’s Block 2 was damaged with a probability of d2;
also, in each time step, each individual died due to extrinsic
mortality with a probability of qext. Every time an
individual survived a time step, it reproduced (asexually),
adding a single prospective offspring to the next generation.
Thus, lifetime reproductive output (hence fitness in this
discrete-time simulation) was set to exactly equal longevity.
The offspring were identical to their parents, except that

there was a mutation probability of 0.0001 of reallocating
an element between Block 1 and Block 2 (the direction of
this shift was determined randomly, with the restriction
that 0Bn1BN and 0Bn2BN). At the end of a gene-
ration (i.e. when all the individuals had died due to block
failure or extrinsic causes), 1000 of the offspring were
randomly chosen to make up the next generation. Ten
replicates of the simulation were run, each for 10 000
discrete generations.

The results of this simulation are shown in Fig. 4a and
4b (for the same parameter values as Fig. 3). The relative
contribution of extrinsic mortality to total mortality at first
rises as organisms evolve ways to reduce their intrinsic
mortality by better balancing their allocations n1 and n2 to
each block (Fig. 4b). As expected from Fig. 3 however,
natural selection ended up under-compensating for Block
1’s greater damage rate, producing an allocation of
redundant elements between Blocks 1 and 2 close to the
optimal split given in Fig. 3. Indeed, even after 10 000
generations, although there were, on average, more elements
allocated to Block 1 (Fig. 4a), the probability of dying due
to the failure of Block 1 still greatly exceeded the probability
of dying due to the failure of Block 2 (Fig. 4b).

One might argue that these results were due to the
implicit cost of redundancy, and that if elements were cost-
free and not subject to the tradeoff embodied by the
equation N�n1�n2, then natural selection would be free
to equalize block fail-time. To test whether blocks would
evolve equalized longevities when their elements were cost-
free, we re-ran the above simulation with some minor
changes. First, individuals all started with one element in

Figure 2. Schematic representation of an individual with a two-
block life-support system, within the framework of reliability
theory. For example, in the context of cancer biology, the blocks
could represent the suppression system for a specific type of tumor
and the elements could represent redundant tumor-suppression
loci. Block 1 has n1 elements and Block 2 has n2 elements (in this
example, n1�14, n2�6). In each time step, every element in
Block 1 has a probability d1 of being damaged and every element
in Block 2 has a probability d2 of being damaged. When an
element is randomly damaged, the path on which that element is
situated is broken. As long as there is at least one continuous path
between the circles, the organism survives (e.g. it does not develop
a tumor and die of cancer); unless it dies due to ‘extrinsic’ causes
with probability qext (encompassing predation, communicable
disease, natural disasters, etc.). However, once all the elements of a
given block are broken, the organism dies due to bodily failure
(e.g. it develops the tumor type represented by the failed block,
and dies of cancer).
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Figure 3. The expected fail-time (i.e. block ‘durability’, provided
the organism has not died due to another cause) of Block 1 (thick
solid black line) and Block 2 (thin solid black line) and whole-
organism (‘overall’) longevity (thick grey solid line) as a function
of n1 (increases left-to-right) and n2 (increases right-to-left) for the
two-block reliability theory example. The damage probabilities per
time step of the elements in Block 1 and Block 2 were set at d1�
0.2 and d2�0.1 respectively. The total number of elements
available was set at N�n1�n2�20 and the extrinsic mortality
was qext�0.1. The vertical long-dashed black line represents equal
allocation to Blocks 1 and 2. The vertical short-dashed black line
represents the allocation that equalizes the expected fail-times of
Blocks 1 and 2. The vertical dotted black line represents the
optimal allocation that maximizes whole-organism longevity.
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each of their two blocks. Second, there was no constraint on
the total number of elements allowed; N was not fixed (and,
therefore, elements were cost-free). Third, mutations did
not result in a reallocation of elements between Blocks 1
and 2. Rather, mutations occurred independently between
the blocks, with a probability of increasing the number of
elements in a block of 0.001 and a probability of decreasing
the number of elements in a block of 0.01 (the biased
mutation rates account for the fact that mutations are
more likely to be deleterious than beneficial, Eyre-Walker
and Keightley 2007). Fourth, we ran the 10 replicates for
30 000 generations instead of 10 000, because it took
longer for the number of elements in the blocks to level-off.
Other than these alterations, we used the same parameter
values as in the first simulation.

While longevity increases with both n1 and n2, it does so
in a decelerating fashion (such that increasing n1 and n2

provides an increasingly smaller survival advantage if the
organism is likely die from predation before the benefits of
this redundancy can be realized). Therefore, as expected,
both Block 1 and Block 2 evolved multiple elements, but
eventually the number of elements leveled off (Fig. 4c) as a
form of mutation-selection balance (Medawar 1952) was
reached. On average, Block 1 evolved more elements than
Block 2, in order to compensate for Block 1’s greater
damage rate (Fig. 4c). However, even with cost-free
elements, this compensation was incomplete. As with the
first simulation, even after 30 000 generations, individuals
were still much more likely to die due to the failure of Block
1 than Block 2 (Fig. 4d).

These more explicit mechanistic models show that in
systems whose components’ reliabilities are governed by
multiple, redundant parts, natural selection will generally
not equalize the durability of those components.

Observational data

Despite occasional assertions to the contrary, evolution has
not shaped different components of human bodies to ‘fall
apart’ at the same time. We can see this most directly by
noting that, for example, in humans heart failure is far more
likely to be the cause of death than liver failure (Fig. 5).
Likewise, Currey (1984) analysed records of accidents in
horse racing and found that horses’ distal leg bones were
much more likely to suffer fatigue fractures than proximal
ones. Why should this be so? We suggest that the very
functions different body parts perform render some parts
more likely to experience damage than others. Similarly,
some body parts may be more expensive to maintain than
others. Natural selection will act to ameliorate the effects of
damage, but the differing returns on investment means that
organs are not likely to be rendered equally likely to cause
death. Put another way, why invest resources to improve the
durability of the heart when one can get more return from
investing in the liver? Indeed, Currey (1984) suggested that
the difference in the likelihood of distal and proximal leg
bones of horses suffering fractures could be explained by the
higher energetic running demands imposed by any increase
in the mass of the distal part of the leg; alternatively, distal
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leg bones may be more stress-prone, yet evolution has
undercompensated for this, similar to our simulation
examples.

Problem, what problem?

One might wonder why it is so easy to fall into the Model T
Ford fallacy, in spite of (1) the history of ‘marginal value’
arguments in ecology (Charnov 1976, Perrin 1992), (2)
detailed discussions of the closely related question of why
different body parts have greater capacity-to-load ratios
(‘safety factors’) than others (Alexander 1981, 1997,
Diamond 2002), and (3) the exposure of evolutionary
biologists to other economic fallacies such as the ‘Concorde
fallacy’, (Dawkins and Brockmann 1980). Viewing an
automobile or an organism as a linked chain of parts
immediately leads to the conclusion that there should be no
weakest links. As Diamond (2002) noted, ‘‘A simple
argument in favour of equal capacities is that such a design
would avoid wasting energy on high-capacity components
whose high capacity could never be utilized because lower-
capacity components in series would always limit the
performance of the whole system.’’ However, such a
perspective implicitly assumes that the individual links in
the chain are equal both in terms of the damage they
receive, and in the costs of strengthening them. Moreover, it
also implicitly assumes that if one link in the chain were
weaker than the others, than this weak link, as opposed to
its stronger brethren, would always be the source of chain
failure. If any of these assumptions are violated, then the
optimal solution is unlikely to involve equalizing the
underlying rates of deterioration of separate links (Alex-
ander 1997, Diamond 2002). Would Henry Ford have
been better off leaving the brass kingpins alone? Maybe, but
maybe not. After all, it is still possible to overbuild
components (e.g. any sub-optimal allocation to n1 and n2

in Fig. 3). However, the decision to make the kingpins

more cheaply should not be based simply on the fact they
rarely cause car failure compared to other car components.
As with natural systems, the key to an optimal investment
policy is understanding what ‘bang you can get for your
buck’.
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